Objective: The purpose of this study is to assess the predictability, safety, efficacy and stability of correction of refractive errors in patients with keratoconus using Visian implantable collamer lens (ICL) following collagen cross-linking.
IntrOductIOn
Keratoconus is the most common primary ectasia. It is usually a bilateral, asymmetric corneal degeneration characterized by localized corneal thinning which leads to protrusion of the thinned cornea. 1 Corneal protrusion causes myopia and irregular astigmatism, affecting visual quality. 2 It usually become apparent during the second decade of life, although the disease has been found to develop earlier and latter in life, and it typically progress until the fourth decade of life when it usually stabilizes. 3 A recent study has determined that 50%
of nonaffected eyes of subjects with unilateral keratoconus will develop the disease in 16 years. 3 The optical management of keratoconus is by mean spectacles or contact soft contact lenses at initial stages. But, as the disease progresses, corneal distortion and irregular astigmatism become higher and the correction must be made with rigid gas permeable contact lenses to provide a regular refractive surface, thus improving visual acuity. 4 In advanced stages, a penetrating keratoplasty may be necessary due to poor vision provided by contact lenses (usually worse than 6/12), the patients' intolerance to contact lenses, or, in very advanced cases, the corneal opacity due to hydrops. Also when corneal astigmatism <10D. 4 Laser in situ keratomileusis (LASIK) is contraindicated in keratoconus as it may worsen the disease by further thinning the cornea. 5 Intracorneal ring segments can regulate the cornea and reduce irregular astigmatism. 6 The use of Phakic intraocular lenses to treat refractive errors in patients with keratoconus, have been recently described and showed effectiveness. 7 Clinical results of posterior phakic intraocular lenses (pIOLs) have confirmed this procedure as a promising treatment option for patients who cannot undergo keratorefractive procedures. 8 The main advantages are the correction of higher levels of myopia and astigmatism and the reversibility of the procedure. Presently one of the most successful pIOL, known as implantable collamer lens (ICL), is the Visian ICLV4 manufactured by STAAR surgical (Monrovia, CA). 10 Several studies have been published on an anterior chamber iris fixed toric pIOL, demonstrating a significant reduction in spherical and astigmatic refractive errors. 11 However, Corneal collagen cross-linking is a technique which aims to increase rigidity and biomechanical stability of the cornea. It involves removing the corneal epithelium in a 7 mm diameter central zone followed by riboflavin 0.1% solution application and corneal radiation with UV-A light at 370 nm.
14 UV-A radiation activates the riboflavin generating a reactive oxygen species that induce covalent bonds between collagen fibrils in the corneal stroma. The irradiation level at the corneal endothelium, lens and retina is significantly smaller than the damage threshold. 15 It has been recommended not to perform this technique in corneas thinner than 400 µm as toxic reactions could take place in the cornea. 13 Several long-term studies on subjects underwent corneal cross-linking have reported an improvement in best corrected visual acuity, a flattening of keratometric readings and reduction in cone progression. 13 Also, this technique has been successfully used in combination with other surgical techniques, such as corneal ring segments. 16 The aim of this study is to assess the efficacy, safety, predictability and the stability of using the ICL for correction of myopia and myopic astigmatism in patients with keratoconus who have been subjected to collagen cross-linking at least 12 months before the implantation of the ICL.
PAtIEnts And MEtHOds
We prospectively followed 20 eyes from 14 patients with keratoconus, all of them had been subjected to collagen crosslinking at least 12 months before the implantation of ICL/ toric ICL and followed up for stability of refraction during this period. Mean patient age was 28 years (20-34 years). Mean preoperative myopia was -8.43 ± 5.13D (Diopters) (-3.5 to -20.0D), and mean refractive cylinder was -2.19 ± 1.28D (0.0 to -4.5D). The preoperative spherical equivalent (SE) was -9.52 ± 5.33D (-3.75 to -21.25D). The mean anterior chamber depth was 3.3 mm (2.84 to 3.8) mm. All eyes had keratometric value of >55D and refractive cylinder ≤4.5D.
The inclusion criteria were Best spectacle corrected visual acuity (BSCVA) of 6/37.5, age of 20 years and older, clear central cornea and sable refraction on follow-up of at least 12 months following collagen cross-linking.
Exclusion criteria were age younger than 20 years, anterior chamber depth <2.8 mm, cataract, glaucoma, retinal detachment, history intraocular inflammation and previous intraocular surgery. Patients with unstable refraction were also excluded from study.
Before the implantation of intraocular collamer lens (ICL), patients had complete ophthalmologic assessment and examination including the uncorrected visual acuity (UCVA), BSCVA, refraction, slit-lamp microscopy examination, Goldmann applanation tonometry, fundus examination with +90D biconvex lens under dilated pupil, corneal topography and pachymetry.
The diagnosis of keratoconus was established based on topographic maps acquired using Galilei Dual Scheimpflug Camera (from Ziemer Inc.) and/or topolyzer Vario (Wavelight, Alcon).
The STAAR visian intraocullar collamer lens available in spherical and in toric forms. Both forms are almost identical in term of size, shape and thickness. However, the toric form adds a cylinder element to address the patient's refractive astigmatism. 7 The ICL power calculation performed through an online calculator provided by the manufacturer and can be accessed by surgeons who completed the registration process according to STAAR surgical requirements. The ICL designed to be implantation in horizontal (0-180) degrees axis and can be rotated by no more than 22.5° from the horizontal meridian. 8 Each toric ICL provided with a rotation map in cases where rotation is needed. All surgeries in this study were performed by one surgeon. Facial block and topical anesthesia used in all cases.
Informed consent stating the benefits and the potential risks of ICL implantation was obtained from all patients prior to surgery.
In bilateral cases, the eye with higher refractive errors is operated first and the second eye is operated 7 to 10 days later.
On day of surgery, 5% phenylephrine and tropicamide 0.5% instilled for pupil dilatation 15 mintues before surgery, facial block is done by same anesthetist in all cases. A drop of tetracaine 0.1% is given every 5 minutes for 3 times to achieve further anesthesia. No, intracameral anesthetics or antibiotics given at any step of the procedure. Five minutes before the procedure, 10% povidone Iodine applied to the lids and a drop of 5% povidone Iodine administered to the eye.
The lens is loaded in the cartridge supplied by the manufacture under microscope and on a separate table. The inside of the Cartridge lubricated with a mixture of balanced salt solution (BSS) and methylcellulose 1.4%. The lens then loaded making sure that it is edges were symmetrically tucked inside the cartridge and then lens vaulted anteriorly. A front loading forceps (Zaldivar front loading forceps), used to pull the ICL to the cartridge tip.
In case of toric ICL, a pendullar horizontal axis marker used to identify the (0°-180°) meridian to make it as reference so that the lens can be placed in parallel to it or other wise to any other target axis. A side port of 1 mm is made at 11 o'clock in the left eye and at 5 o'clock in the right one. Through these ports methylcellulose (1.4%) is injected to the anterior chamber with the aim to fill but not to over-fill it.
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A 3 mm clear corneal temporal three step incision is made. The tip of the cartridge is placed next to the wound while the eye is grasped with forceps and the lens slowly injected with a screw injector. While the lens is advancing to the anterior chamber, it should be closely monitored for proper unfolding to avoid flipping upside down. To ensure this a dot like marker placed on the haptics in a way that the leading haptic marker should be on the right and the rear haptic marker on the left side. The anterior chamber may be further filled with methylcellulose and an Olive tip manipulator is introduced to the anterior chamber through the side ports and the distal haptics tucked first under the iris followed by proximal haptics. Using the line marks on cornea we checked for the toric ICL alignment. If rotation was needed we used the manipulator to gently rotate the ICL. Centration and alignment of the ICL is then verified before the remaining viscoelastic is flushed by injecting saline into the anterior chamber through the main incision to fill the anterior chamber and then pushing down on the main incision.
At the completion of the procedure, two drops of tobramycin and dexamethasone mixture (Tobradex, Alcon Inc.) instilled. Postoperatively, acetazolamide 250 mg tablet is given. Two hours later, the eye is examined with slit-lamp to assess the vault, alignment, anterior chamber formation, pupil state, and checking for excessive rise in intraocular pressure.
Follow-up visits were done at 1 day, 1 week and at 3, 6, 12 months postoperatively. On follow-up visits, UCVA, best corrected visual acuity (BCVA), slit-lamp examination, vault of the ICL away from anterior lens capsule and the intraocular pressure are all assessed. The vault is assessed in comparison to the predetermined corneal thickness in micrometers (i.e. one quarter, one half, 3-quarters, etc.).
The same technician, who was unaware of the objectives of the study, evaluated all patients.
Data analysis was performed using datagraph-med 5.0 software for windows 2010 licenced for the author of this paper.
rEsuLts
No complication happened during the surgical procedure. No eye needed removal or replacement of ICL and also no, rotation of the ICL is needed during the follow-up period. No pupil block was detected.
At 12 months postoperatively, the mean spherical equivalent error was -0.26 ± 0.42D (0.25 to -1.75), mean spherical error was -0.04 ± 0.58D (-1.75 to -1.25) and the mean cylinder was -0.45 ± 0.54 (0.00 to -2.0). Figure 1 shows the manifest refractive cylinder preoperatively compared with 12 months postoperative visit. At the 12 months visit, 20 (100%) eyes had < 2D of cylinder, compared with 10 (50%) eyes preoperatively. Also, 18 (90%) eyes having postoperative refractive cylinder of ≤1D compared with five (25%) eyes preoperatively. Again, only three (15%) eyes had refractive cylinder of ≤0.5D preoperatively while 14 (70%) eyes had ≤0.5D at 12 months visit and 11 (55%) eyes having ≤ 0.25D at the 12 months visit (see Fig. 1 ). The decrease in cylinder from preoperatively to 1 year postoperatively was statistically significant (p = 0.003).
Predictability
At 12 months, the mean postoperative sphere dropped from -8.43 ± 5.13D (-3.5 to -20.0) preoperatively to -0.04 ± 0.58D and the mean SE dropped from -9.52 ± 5.33 (-21.25 to -3.75) preoperatively to -0.26 ± 0.42D. Thirteen (65%) eyes was within ±0.5D of attempted refractive outcome at 1 year, r 2 = 0.99 and p = 0.0015. Figure 2 shows the refractive outcome in term of percentages within attempted. The attempted change in sphere vs surgically induced refractive correction, and attempted change in astigmatism vs surgically induced refractive correction are plotted in Figures 3A and B respectively.
In Figure 3 , attempted change in the sphere (3A) and attempted change in cylinder (3B) vs surgically induced refractive correction (SIRC), all in diopters (D).
The change in the astigmatic power vector preoperatively and 1 year postoperatively for all included cases shown in Figures 4A and B respectively .
The central point of graph represents an eye with no astigmatism and the tight distribution of points around the center, 1 year postoperatively reflects the reduction of astigmatism after implantation of ICL. 
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better and 15% showed 20/20 and better. Figure 6 shows the cumulative CDVA preoperatively and on 12 months visit. The preoperative UCVA was worse than 20/50 in all cases, preoperative CDVA of 20/50 and less seen in 60% of eyes. An increase in the number of eyes that achieved 20/40 or better from 40% (8 eyes) preoperatively to 75% (15 eyes) at 1 year postoperatively with a reduction in the number of eyes with preoperative CDVA of 20/50 and worse from 60% (12 eyes) to 25% (4 eyes). Figure 7 shows the preoperative CDVA vs the postoperative UCVA. The mean postoperative UCVA was 0.498 ± 0.232 and the mean preoperative BCVA is 0.484 ± 0.29 and the efficacy index (mean postoperative UCVA/mean preoperative BCVA) at 12 months was 1.01.
stability
The mean preoperative SE -9.52 ± 5.33D. The mean SE was -0.25 ± 0.18D at 1 week, -0.29 ± 0.43 at 1 month, -0.27 ± 0.43 at 6 months and -0.26 ± 0.42D at 1 year. The decrease in the mean SE from preoperative to 1 year postoperatively was statistically significant (p < 0.001). Figure 8 shows the improvement and stability of the mean SE over time. Figure 9 shows the time course for refractive cylinder change from preoperative to 1 day, 1 week, 1 month, 6 months and 1 year postoperatively.
None of the examined eyes showed a change of 0.5D or more throughout the 1 year follow-up period. Stability data according to the FDA definition is shown in Table 1 .
During the follow-up period we did not get any case of pupillary block and no, cases of chronic rise in IOP. One case of anterior subscapular cataract is seen which was visually nonsignificant after 12 months of follow. The mean IOP was 15.1 ± 2.1 mm Hg and the mean vault was 310 ± 113 micrometers.
dIscussIOn
This prospective study of 20 eye evaluated a relatively new approach to deal with the refractive errors in keratoconic eyes. Only few studies published to address this technique. Our aim was to assess the efficacy, safety, predictability and stability of using ICL in these patients. Many studies had shown that the implantation of intraocular collamer lens (ICL) is safe and effective in treating refractive errors and the united States Food and Drug Association (FDA) toric ICL 1 year clinical study was one of those studies. 17 Bhikoo et al previously demonstrated that toric ICL implantation is safe, effective, predictable and with stable results over 1 year follow-up. 18 Josè F Alfonso et al demonstrated that implantation of phakic intraocular lens (pIOL) effective, safe and stable for correction of high myopic errors after studying 138 eyes with safety index of 1.01 and efficacy index of 1.0.
19
Josè F Alfonso et al studied the use of myopic ICL for 25 eyes from 16 patients with keratoconus and followed them for 12 months. 7 In this study, the BCVA achieved without change in 12 (60%) eyes, 5 (25%) eyes gained 2-lines and another 3 (15%) eyes gained more than 2-lines of BCVA. None of the tested eyes lost any line of its BSCVA. The safety index was 1.02. These results can be compared to Josè F Alfonso et al study, who stated the preservation of BSCVA with no change in 72% of the test eyes, 20% gained 1 line and 2 eyes (8%) lost 1 line of BSCVA. The safety index was 1.05 in this study.
The predictability was good. All eyes was within ± 2D of astigmatism, 18 (90%) eyes was within ±1.0D and 14 (70%) eyes within ±0.5D.
7
Note that the astigmatism included in our study was higher than 2.19 ± 1.28D (0.0 to -4.5) in comparison to Josè F Alfonso et al who had a mean cylinder of 1.24 ± 1.19 (-0.5 to -3.0). Josè F Alfonso et al in his study suggested the idea of including patients with higher astigmatic errors for such studies. 7 We cannot directly compare our study to Anterior chamber pIOLs, but it may be worth mentioning that, Leccisotti and Fields 7, 20 reported the results found after implanting angle supported phakic IOL in 12 eyes with stage 1 and stage 2 keratoconus, mean myopia of -10.23 ± 2.85D (-6.5 to -14) and mean astigmatism of -2.79 ± 1.11D (-1 to -5). They reported that UCVA was 20/40 or better in all cases and BSCVA was equal or improved in all cases. Safety index was 1.18 and efficacy index 0.77. The safety index seems higher but the efficacy index is less than ours (1.01). Leccisotti and Fields also said that the spherical error was corrected in all cases ±1.0D but the astigmatism was not improved (-2.35 ± 1.0D) . We get more or less similar results in term of sphere but the astigmatism improved significantly. Leccisotti and Fields stated that the complications was only three eyes with pupil ovalization a one eye lens rotation. 20 In our study, 1 eye developed anterior subcapsular cataract which was visually nonsignificant at the end of follow-up period. Budo et al, 21 presented 6 keratoconic eyes at 6 months after implantation of iris-fixated toric pIOL. Mean preoperative SE was -18.34D (-4.0 to -29D) and -3.75D (-2 to -6D) of astigmatism. They reported a significant reduction in SE (mean: -0.29) and astigmatism (mean: -1.33D). Four out of the six eyes were within ±1.0D. Safety index was 1.49 and efficacy (1.24). They suggested high predictability in correcting the sphere than in correcting the cylinder. They concluded that iris fixated lenses might offer an alternative to treat refractive errors in patients with keratoconus. The relative merits between posterior chamber and anterior chamber pIOL had been previously discussed 20, 22 and 
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concern still exist regarding potentially induced progressive endothelial cell loss. Progression of keratoconus still a concern since it may alter the refractive outcome that has been obtained in the first aftermath of ICL implantation.
A stable refraction for at least 1 year is taken as a reasonable indicator for nonprogression after collagen cross linking, however stability of keratoconus cannot be guaranteed on long-term and longer follow-up may provide the answer.
We conclude that ICL implantation offer an option to treat patient with keratoconus with clear central cornea, refractive cylinder of ≤4.5D, steep K <55D and stable refraction over at least 12 months.
Longer follow-up and larger group of cases may be of considerable value to proof stability, predictability and safety of the technique on long-term.
rEFErEncEs
